Nitrate (NO~) concentrations frequently diminish in shallow groundwater (<3 m) when laterally transported through the soils of riparian zones and intermittent wetlands. Denitrification may be the major mechanism for this loss, but lack of suitable methods for direct measurement of denitrification rates in shallow groundwater limit the ability of field studies to verify this. The objective of this study was to determine if adequate acetylene (C2H2) concentrations can be maintained in the intermittently saturated, near surface soils found in riparian areas to temporarily block nitrous oxide reductase in denitrifying bacteria. Accomplishing this would allow use of the acetylene block method for denitrification rate assessment in the soils of riparian areas that are periodically saturated and with high potential for large denitrificafion rates. Method development and testing was conducted in the laboratory, using a 1.4 m mesocosm filled with sandy subsoil with continuous forced-gradient radial flow. Movement of Br tracer and C2H2 injected into a central well was monitored by sampling from 25 and 50 cm distant radial wells. Both the tracer and aqueous C~H2 showed relatively uniform flow rates to the 25 cm wells, and then varied by a factor of two to the 50 cm wells. Acetylene concentrations exceeded those recommended to block NOx reduction by denitrifiers at the N~O stage. In situ denitrification rates were derived from monitored N20 concentrations. An initial field test provided additional evidence that the procedure may be useful for direct measurement of denitrification losses in a variety of natural, shallow groundwater systems.
p~U
BLIC CONCERN over the impact of anthropogenic activities on ground and surface water quality is high, fueled, in part: by numerous reports of NO3 contamination resulting from agricultural activities. In some situations, NO3 contaminated groundwater leaving agricultural fields in shallow subsurface flow has reemerged to contaminate surface water systems. Intervening riparian soils and vegetation have been shown to be capable of reducing shallow groundwater NO3 concentrations (Gilliam, 1994; Hanson et al., 1994; Schipper et al., 1989; Peterjohn and Correll, 1986; Lowrance et al., 1984) . Common to these studies was recognition that site hydrology, soil microbiology, and plant uptake and export interrelate and influence the ability of riparian areas to remove NO3 from groundwater. Quantifying these processes will support efforts to conserve riparian areas and obtain optimum benefits from them.
Estimates of in situ groundwater denitrification rates are difficult to obtain. Indirect methods include monitoring losses of NOa-N in groundwater with and without the use of a conservative tracer (Lowrance, 1992; Gum-brell et al., 1975; Trudell et al., 1986; Starr et al., 1996) , monitoring N gas production in laboratory incubations of subsurface sediment slurries (Starr and Gillham, 1993; Lowrance, 1992; Smith and Duff, 11988) or intact core material (Hanson et al., 1994; Morris et al., 1988) , and isotopic fraction techniques (Bottcher et al., 1990; Wilson et al., 1990; Mariotti et al., 1988) . Although tracer studies have the advantage of being in situ determinations that minimize perturbations of the subsurface environment, direct gaseous productions of the denitrification assay are not determined and other fates of NO 3 (such as plant uptake and dissimulatory NO3 reduction) can confound results (Correll and Weller, 1989) . Conversely, in laboratory assessments, direct determination of denitrification gas production can be accomplished either by using C2H2 and monitoring N20 production (Yoshinari et al., 1977) , or by monitoring both N2 and N20 production in He or Ar atmospheres. However, the structural integrity of the subsurface material, groundwater hydrology, and biogeochemical processes, including denitrification, may be perturbed or disrupted. Resulting denitrification rates may not adequately reflect natural conditions. Starr and Gillham (1993) reported on a method for estimation of groundwater denitrification using in situ microcosms. This technique involves monitoring increases in N20 in C2H2 amended sediments isolated in stainless steel pipes installed in the aquifer. The investigators were able to monitor decreases in NO3, and associated increases in N20 over 10 to 15 d. This method provided control over a relatively undisturbed aquifer sample but also blocked local hydrology and gas exchange and measured a relatively small sediment sample.
Working in groundwater systems without some form of enclosure raises the question of whether adequate CzHz can be maintained to block N20 reduction. Harvey et al. (1989) used conservative tracers in an injection and down-gradient sample well system to monitor groundwater transport processes of treated sewage in a Cape Cod, MA, aquifer. In a subsequent study on the same site, Smith et al. (1996) reported on a natural gradient tracer test that used C2H2 block procedures 9 m deep in the aquifer. Our study has similarities to that done by Smith et al., but we have targeted the junction of the phreatic zone and the water table using a forced gradient technique. Our objective was to develop a methodology to measure, in situ, shallow groundwater denitrification rates over relatively short distances and in a shortened time frame. The first part of this paper reports on the flow characteristics of injected CzH2 over 25 to 120 cm transport distances in adequate concentrations to allow rapid assessment of denitrification rates within a flowing groundwater system. Subsequent field trials, reported in the second paper of this series, refined the methodology to become a portable, short-term survey method suited to shallow water tables commonly found in riparian areas.
MATERIALS AND METHODS
Dynamics of acetylene transport were evaluated in laboratory and field studies under forced gradient flow conditions. A 1.4 m 3 radial flow chamber was constructed for laboratory experiments using 1.27-cm thick acrylic sheets with inside dimensions 1.37 m by 1.37 m by 0.76 m high (Fig. 1) . A 5 i.d. central injection well was surrounded with eight, 2.5 cm i.d. sample wells: four at 25 cm radius from the injection well, numbered 1 to 4, and four at 50 cm, numbered 5 to 8. Well casings had slotted screens (0.254-mm slot size) from 1 below the soil surface to the chamber floor. The chamber was filled with sandy subsoil from a 1.5 m deep, saturated zone on Wye Island on Maryland's Eastern Shore coastal plain. Particle sizes, by hydrometer method (Gee and Bauder, 1986) , were 94% sand, 5% silt, and 1% clay. Chamber soil was water saturated, packed using a concrete vibrator with flexible drive shaft attached to a 2.5 by 51 cm steel vibration bar, and used for two experiments. Radial flow was initiated 35 d before the first experiment to establish stable flow conditions. Injected tap water was passed through an activated carbon filter for C1 removal and then supplemented with 5 mM CaSO4 to maintain adequate divalent ion supply so that clay particles remained flocculated.
Injection well water level was maintained at the soil surface, 71.5 cm above the chamber's base, using gravity flow from a carboy and a float activated solenoid valve. Thirty-six vertical rows of drain ports were set in the chamber's walls at equal angles of arc to encourage uniform radial flow. Three ports were set per vertical row at 15 cm intervals starting 10 cm from the bottom with a fourth port set 4 cm above the chamber floor. Tygon tubes (0.3 cm i.d.) led from each drain port to 7.6 cm i.d. PVC pipe collection gutter. The gutter encircled the chamber receiving a total of 144 drain tubes. Small changes in the elevation of each outlet tube were made with threaded eye bolts to give a common drip rate at a discharge elevation of 44.5 cm. The resulting unsaturated zone depth decreased radially from 0 cm deep at the injection well to 27 cm deep along the chamber's walls. Saturated water content averaged 29% by volume for a pore water volume of ~35 L within the 25 cm radius, ~120 L within the 50 cm radius.
Chamber Conditions
Temperature in the chamber was maintained between 20 and 25°C. Light was limited to preclude growth of photosynthesizing organisms. Total water flow through the chamber's soil averaged 2 to 3 L h -~, though the flow rate increased at the beginning of each experiment after water flow was interrupted to connect the supply line to a carboy of tracer . Total organic C averaged 1.63 mg L -~ in the injected tap water, and 2.4 mg L -~ in water discharged from the chamber. Flow within the chamber was simulated as axisymmetric, two dimensional flow using the SWMS-2D computer model (Simunek et al., 1992) . The model was modified to simulate time-dependent saturated conductivity (Ks) at the center well to simulate changes chamber outflow rate.
Chamber Flow Experiments
Two forced-gradient flow experiments (Exp.1 and 2) were conducted within the chamber using the tracer solution concentrations shown in Table 1 . Carrier and tracer solutions were stored in elevated carboys to allow gravity feed and rapid switching of the solutions being injected. Both experiments used Br as a conservative tracer of flow characteristics (Everts et al., 1989) . A total of 28 h was required in the first experiment to inject a 151 L tracer pulse after which the injection solution was switched back to 5 mM CaSO4 carrier solution. Following initiation of the tracer pulse, water samples were collected at regular intervals from the eight sampling wells and analyzed for Br.
Aqueous C2H2 transport and the capacity of the forcedgradient method to detect background levels of denitrification at low levels of NO3 and C was studied in Exp. 2 using a 105 L pulse of Br and dissolved C~Hz (Table 1 ). This second experiment used a smaller tracer volume in anticipation of the practical requirements of subsequent field studies. Aqueous C2Hz was prepared by passing laboratory grade, acetonefree CaHz through a diffusing stone in the bottom of a carboy with the desired water volume. Headspace in the carboy was recirculated through the diffusing stone to achieve gas/liquid phase C2H2 equilibration. Acetylene was added until the equilibrated headspace C2H2 exceeded 10% by volume (0.1 atm.), the recommended concentration for acetylene-block measurements of denitrification activity in soils and soil slurries (Tiedje, 1982) . This target level of acetylene was considered sufficient as Ryden et al. (1979) observed that C2H2 concentrations as low as 1% (0.01 atm.) in sample headspace in equilibrium with soil water assured inhibition of N2 production by denitrifiers. Based on the incubation conditions of the study cited above (50 g soil + 50 mL water, incubated in 250 mL flasks, temperature 23°C, and headspace C2Hz concentration = 1% v/v), we compute that the resulting aqueous phase C2H~ threshold concentration to inhibit N2 formation to be 0.43 mM C2H2. The C2H~ concentration of the injected water in Exp. 2 of the chamber study was approximately 6.2 mM C2H2 or about 14 times the threshold concentration to block nitrogenase activity.
Chamber Sample Collection and Analysis
Water samples were collected from each well during both experiments from 10 cm below the water table using a plastic syringe and tubing. During the second experiment, samples were also collected 10 cm above the well bottoms to check for stratified flow. Water samples were injected into two 5 mL rubber-stoppered, evacuated glass vials (Vacutainersl). One vial received 2.5 mL of water sample and 4.5 mL of Ar to provide positive headspace pressure for the gas chromatograph's autosampler. The second vial was filled and stored at 4°C for subsequent water chemistry analyses. Samples analyzed for dissolved gases were stored at 4°C for at least 12 h to assure equilibration of liquid and gas phases.
Nitrous oxide and C2H2 analyses were performed on a Hewlett Packard 5700 A gas chromatograph (GC) equipped with dual 2 m by 3.175 mm o.d. stainless steel columns packed with Porapak QS 50/80 mesh, electron capture detector, and autosampler previously described (Parkin, 1985) . Aqueous phase C2H2 and N20 concentrations were determined using Bunsen absorption coefficients (Tiedje, 1982) . Sample N20 and C2H2 masses were computed using gas and liquid phase volumes and temperatures along with headspace concentrations.
Bromide and pH analyses were conducted with Corning specific ion and pH electrodes on a portable Corning meter. Nitrate concentrations were analyzed with an Alpkem Rapid Flow Analyzer (Alpkem, Corp., Clackamas, OR 97015) using standard cadmium column reduction colorimetric analysis. Yellow Springs Instrument meters (Yellow Springs Instr., Yellow Springs, OH) were used to measure dissolved 02 (meter Model 58) and specific conductivities (meter Model 33).
Field Site Description
After the chamber experiments, a field experiment (Exp. 3) was conducted in December 1991, at a previously instrumented site located at the Beltsville Agricultural Research Center, Beltsville, MD. Site conditions and instrumentatioñ Trade names are used in this publication to provide specific information. Mention of a trade name does not constitute a guarantee or warranty of the product or equipment by the USDA nor an endorsement over other similar equipment or products not mentioned.
are detailed by Starr et al. (1996) . Briefly, the site was positioned on a 5% slope near the bottom of steeper pasture slope and approximately 30 m from a forested, first-order stream. The surface soil is a Beltsville fine-loamy, mixed, mesic Typic Fragiudults underlain by a clay loam fragipan at about 65 cm depth resulting in intermittent lateral flow of shallow groundwater above the fragipan and toward the stre, am.
Field Experimental Design
A cluster of 14 multilevel samplers (MLSs) surrounding 60 cm deep central injection well allowed 3-dimensional tracking of injectate. Samplers were set at radial distances of 60 cm (2 samplers) and 120 cm (12 samplers) from the injection well. Each sampler had five sample ports extending from 20 to 60 cm below ground surface relative to the center well. The depth of the water table increased from 40 cm at the start of the experiment to 53 cm by the end, as the site dried following heavy rainfall. During its use in Exp. 3, the site was covered at night to protect injection and sample lines from freezing.
The field experimental design was similar to that used in the laboratory chamber but differed in that no carrier solution was injected in advance of tracer solution. This change in procedures was made to minimize disturbance of the site's hydrology prior to injection of tracer solution. The tracer solution was prepared by amending groundwater withdrawn from a nearby shallow well with KBr, KNO3, CaSO4, and aqueous C2H2 (Table 1) . A total of 120 L of tracer was injected during a 5-d period followed by tap water with 5 mM CaSO4 for an additional 6 d after the tracer pulse. The injection well float valve was set at 10 cm below the soil surface, 30 cm above the initial water table. Acetylene was generated on site using laboratory grade, granular CaC~ added to water. Acetylene was generated in a separate carboy and passed through a diffusing stone into 175 L of injection solution within a covered, 200 L polypropylene reservoir. Surplus C2H2 was stored in two automobile inner tubes connected to the main reservoir so that headspace gas remained C2H2 rich as tracer solution was injected and carboy headspace volume increased. A small pump recirculated headspace gas in the main reservoir to assist C2Hz solubilization.
Twenty sets of samples were collected from the sample ports during an 11 d experiment for analysis of NO3, Br, C2Hz, and N20 concentrations. Samples from all 14 MLSs were collected by syringe using 3.2 mm o.d. nylon tubing connected to each sample port. Samples for ion analysis were stored in 10 mL draw Vacutainers, and those for headspace gas analysis in 5 mL draw Vacutainers with 2.5 mL of groundwater per Vacutainer and 4.5 mL of Ar added to achieve a positive headspace pressure for subsequent gas chromatograph autosampling.
RESULTS

AND DISCUSSION
While total discharge rate from the chamber was generally 2 to 3 L h -I, large fluctuations were observed at the start of both tracer experiments when chamber outflow rates abruptly increased by a factor of two or three and then quickly dropped back to the previous quasi-constant flow rate (Fig. 1) . This aberration may have been caused by clogging of the injection well screen by CaSO4 particles that were temporarily backflushed as the flow supply line was switched from one carboy to another. The shape of the chamber water table under quasi-constant flow conditions, shown in Fig. 2 , was based on measurements of the water levels at the 0, 25, ELAPSED TIME (h) Fig. 2 . Discharge flow-rate from the chamber during Exp. 1 and 2. and 50 cm radial wells, and at the outflow walls. A 2-dimensional flow analysis model (SWMS-2D by Simunek et al., 1992) was used to characterize the changing flow conditions in the chamber. The final shape of the water table shown in Fig. 2 matched the four observation points (eye-ball fit) by using a Ks of 3.0 h -1 for the bulk soil, and a time-dependent Ks at the center well. The SWMS_2D model was modified so as to exponentially lower the Ks at the center well from 3.0 to 0.15 cm h -t over a 24-h period following the initiation of the tracer pulse.
Chamber Bromide Transport
The timing and shape of the eight Br break through curves (BTCs) for both laboratory experiments are shown in Fig. 3a to 3d , based on top of well concentrations for Exp. 1, and the average of top and bottom of well concentrations in Exp. 2. All BTC lines were drawn by a spline-type locally weighted regression to simplify the figures. In spite of the attempt to achieve uniform packing of the chamber, only two of the eight wells had chamber-average flow characteristics as indicated by use of the SWMS_2D flow model. Thus, using the K~ values of the bulk soil and the lower values at the center well as reported above, the flow model provided a good eyeball fit to the Br BTC data at wells 3 and 5 in Exp. 1 (model lines not shown). The shoulder of the BTCs the 25 cm radial wells at 10 to 20 h (Fig. 3a) may result from an abrupt drop of the initial injection flux (Fig. 2) instead of an exponential decrease as used in the model. Greater variation in the time and shape of the BTCs occurred at the 50 cm wells than at the 25 cm wells.
Experiment 2 used a smaller volume of tracer (Table  1 ) resulting in earlier, lower, but still well-defined BTC peak concentrations.
The sequence and shape of the BTCs for individual wells were similar in the two experiments ( Fig. 3a-d) . Greater variability in time and shape of the BTCs at the 50 cm radial wells (Fig. 3b,d ) are characteristic of greater time and distance for local heterogeneities of soil packing to become evident. The asymmetrical shape of the BTCs with tailing toward longer times is characteristic of preferential flow (Jury , 1991, p. 228; Roseberg et al., 1991) , which is especially apparent at the 50 cm well 6 (Fig. 3b,d ).
To determine if stratified flow took place, water samples were drawn at two depths, 10 cm below the top of the water table and 10 cm above the chamber floor, within each well of Exp. 2. No significant differences (P = 0.05) were observed in BTCs determined from samples collected from different positions within the wells, thus, the mean observations from top and bottom samples taken in Exp. 2 have been used.
Mass recovery of Br, shown in Table 2 , was calculated using the monitored concentrations of solutes, average flow rate of solution in the chamber, and elapsed time. (Uniform flow rates at the top and bottom of the wells were assumed in the calculations for Exp. 2.) The range of Br recovery (89-111%) is not surprising in view the irregular flow rates following the initiation of the tracer pulses (Fig. 2) , and the apparent preferential flow paths as noted above.
Chamber Acetylene Transport
Radial transport of dissolved CzH~ in Exp. 2 was similar to that of Br (Fig. 4) . As with Br, C2H2 concentrations at the top and bottom of wells were not significantly different (P = 0.05). Acetylene increased quickly in all eight wells above the recommended minimum 0.43 mM to inhibit N2 production by denitrifiers. Acetylene concentrations remained 7 to 20 times greater than 0.43 mM while the tracer pulse passed the sample wells. Smith et al. (1996) recorded C2Hz concentrations three to seven times greater than 0.43 mM at their samplers 9 m deep in a Cape Cod aquifer. They concluded, based on model interpretation of observed N20 production, that a 0.5 mM C2H2 threshold concentration was necessary before the C~H~ block became effective, remarkably similar to Ryden's findings (1979) discussed above and to what we observed (Fig. 6 ).
Acetylene recovery rates (Table 2) at the two radial distances in the chamber approximated two-thirds of the recovery of Br indicating some loss of C2H2 took place during the 5 d required for the pulse to pass the 50 cm radial wells. Outgasing of C2H2 is one possible way C2H2 was lost from this simulated shallow groundwater system. Yeomans and Beauchamp (1982) observed C~Hl oss within soil slurries over longer incubation periods under low organic C conditions but were unable to conclude that C2H2 was being used as a C source. Observing no loss of CzH~ when organic C was added, they hypothesized that under low organic C conditions, C2H2 may adsorb to soil particles releasing other C compounds and so enhance denitrification rates. While possible that this phenomenon occurred during the chamber experiment, the shallow, saturated soils of riparian areas are typically well supplied with organic C so C2H2 stimulation of denitrification is less likely there. Smith et al. (1996) observed conservative transport of CzH~ within a treated sewage plume though the 2 to 4 mg L -1 DOC was mostly refractile compounds. Their findings provide evidence that the highly disturbed, low C slurry incubations done by Yeomans and Beauchamp (1982) may not be relevant to field conditions with respect to C2H2 as a potential stimulator of denitrification activity. Injection of aqueous C2H2 within the chamber raised and maintained groundwater C2H2 concentrations sufficiently to block denitrification at the N~O stage of reduction. Acetylene concentrations were maintained above the 0.43 mM requirement for extended periods (Fig. 4) , thus meeting the primary objective of this experiment.
Chamber Nitrous Oxide Production and Transport
Little if any N~O production was anticipated in this sandy subsoil with low concentrations of NO3-N and TOC in the injected water (Table 1 ). Yet in the presence of adequate C2Hz, measurable concentrations of the denitrification intermediate NzO (Fig. 5) were found during Exp. 2. This shows an active denitrifier population even under these aerated, limited substrate conditions. The actual shapes of the BTCs cannot be known from the three points on the BTC shown in Fig. 5a . However, when spline curves were drawn through the data, the time to the peak concentrations at the 25 cm wells approximates those observed for Br and C~Hz (Fig. 3c, 4a) .
Three of the four 50 cm wells had a rapid rise in N~O concentration after ~20 h (Fig. 5b) which corresponds to the time that the C2H2 values at the same wells rose above the 0.43 mM critical concentration (Fig. 4b) . Well 6 had an earlier, high N20 concentration at ~10 h, which corresponded to an early increase in C2H2 concentration at that well (Fig. 4b) , and the earliest BTC for Br the outer wells (Fig 3d) . These data suggest that the presence of critical concentrations of C21-I2 acted as a nearly instantaneous on/off switch for N20 as the terminal product of denitrification. A similar instantaneous response to C2Hz was reported by Ryden et al. (1979) . In contrast, Smith et al. (1996) reported a 3 to 4 d lag in N20 accumulation during laboratory sediment slurry incubations; observed a 2-d time lag during transport of N20 peak concentrations within aquifer sediments; and used a 4-d delay within the transport model that estimated maximum denitrification activity within the aquifer.
Denitrification rates within Exp. 2 and 3 were approximated from the N20 BTCs by assuming that the peak concentration represents the accumulated denitrification by-product for the time period since the midtime of the injection of the C2H~. This method may give low estimates of denitrification since dispersion lowers the peak concentration for a BTC without a flat top. That apparent difficulty may be modest in scale compared to the anticipated spatial heterogeneity in denitrification rates in shallow groundwater systems (Parkin, 1987) .
Monitored denitrification rates at the 25 cm wells ranged from 0.03 to 0.12 mg N L -1 h -~, averaging 0.07 mg N L -~ h -1. With such poor estimates of the N20 BTC at wells 1 to 4, these rates are only illustrative of the method. The BTCs at the 50 cm wells are viewed with greater confidence, with calculated denitrification rates of ~0.02 mg N L -1 h -~ at wells 5, 7, and 8, and 0.07 mg N L -1 h -1 at well 6. Smith et al. (1996) determined that N20 production rates averaged 0.05 mg N L -~ h -1 in aquifer sediments using acetylene block procedures in a natural gradient tracer test. Their modeling of N20 production and transport over 10 m distances with similar groundwater flow rates concluded that N20 production rates were not very sensitive to changes in dispersivity. Through direct comparisons, Smith et al. (1996) determined that NzO production in laboratory incubated sediment cores and slurries was 1.2 to 13 times greater than that observed in the field and 2.4 to 26 times greater if a 4-d lag in the effects of C~H~ was applied to laboratory as well as field results.
Field Experiment Transport and Nitrous Oxide Production
The transport of Br and C2H~ to the sample ports at the field site resulted in well-defined BTCs for both solutes at MLS's 6 and 10 (60 cm radial distance) but not at the 120 cm distance samplers. Based on subsequent experience with this well cluster (Starr et al., 1996) , the volume of tracer injected and choosing to not inject carrier solution in advance of the tracer solution resulted in indistinct BTCs at the outer ring of samplers. Peak concentrations of C2H2 observed at both 60 cm distant samplers exceeded 0.43 mM C2H2 throughout the period when peak NzO concentrations were observed as shown in Fig. 6 . Maximum observed Br, C2H2, and N:O concentrations for the range of depths sampled at MLS's 6 and 10 are shown in Table 3 . No clear depth related pattern of NzO production was observed but the lagging of C2H2 behind Br (an average of 16%) and N20 behind C2I'-I2 (an additional 19%) was evident. Smith et al. (1996) observed N:O peak delay that averaged 7% while Br and C2H2 arrived at their midaquifer samplers coterminously.
Accumulated nitrous oxide production differed as the tracer pulse passed MLS's 6 and 10 though C2H2 concentrations were well above the threshold concentration. Based on the results shown in Table 3 , denitrification rates for well 6 ranged from 0.02 to 0.13 I~g N L -1 h -~, and at well 10, from 0.24 to 0.36 Ixg N L -1 h -1. The denitrification rates observed in Exp. 3 were about 1/1000 of those observed in the chamber during Exp. 2, by Starr et al. (1996) at this site in the Spring of 1992 using Br/NO3 ratios, and by Smith et al. (1996) in the Cape Cod natural gradient tracer test. Cold (9-11°C) groundwater temperatures may partially account for the comparatively low level of activity. Infusion of O2-rich solution during Exp. 3 may have contributed to lower denitrification activity as dissolved 02 concentrations in the bottom of the piezometers nearest wells 6 and 10 were >50% of dissolved oxygen saturation, Also, there may have been season-related differences in dissolved C concentrations in the shallow groundwater. Ascribing changes in Br/NO3 totally to denitrification activity may overestimate the actual effects of denitrifying bacteria as plant uptake and microbial assimilation of NO3 also occur. But the most likely explanation may be that initial injection of the tracer solution into a partially saturated soil profile (no advance injection of carrier solution) resulted in less denitrification activity than would occur after a period of saturated flow.
CONCLUSIONS
The forced gradient technique was effective in tracking a pulse of Br and C2H2, and in assessing N20 production through 25, 50, and 60 cm of soil in shallow groundwater locations.
Nitrous oxide BTCs lagged slightly behind those of CzH2 indicating that soil denitritiers quickly responded to the presence and diminishment of C2H2. Arrival of Br tracer at a sample well signaled the imminent arrival of the dissolved gases as well. Decline in Br concentrations indicated that dissolved gas concentrations would soon decline and that sample collection could be discontinued as Br concentrations approached very low levels. Injection to sample well distance and the volume injected were tested with the expectation that the 50 to 60 cm distant radial wells would prove to be most useful. This was shown to be the case where the goal is a relatively short duration test requiring <10 to 12 d of sampling under the conditions tested. Break through curves for the 25 cm distant radial wells were abrupt with narrow peaks that were more difficult to monitor accurately than wells set at 50 to 60 cm distances. Apparent variability in soil hydraulic conductivity within the chamber's soil and in the field experiment had major effects on the rates at which the tracer pulse traveled outward from the injection wells. Though attempts were made to pack and drain chamber subsoil in as uniform a manner as possible, travel times to the 50 cm radial wells varied as much as 100%. Field travel times varied 68% over a 60 cm transport distance. Preliminary findings suggest that carrier solution should be injected prior as well as subsequent to injection of the tracer pulse. Overall, these experiments showed that effective concentrations of QHa can be introduced and maintained near the surface of the water table in a manner that emulates heavy rainfall or infiltrated runoff. Resulting denitrification rates can thus be determined in situ. Repeated application of these procedures to multiple sites should yield comparable measurements of denitrification without major disturbance to soil structure, microbial ecology, or site hydrology beyond those occurring under natural conditions.
